I. INTRODUCTION
Spinel oxides, AB 2 O 4 , are widely used as catalysts, 1,2 magnetic and ferroelectric devices, 3, 4 and as cathodes for lithium ion (e.g., Li x Mn 2 O 4 ) 5 and multivalent ion batteries (Mg 2þ , Al 3þ , etc., compared to Li þ ). 6, 7 Attractive properties include their low cost, low toxicity, and thermal stability. 8 Li-based spinel cathodes operate only within a limited lithium composition range: k-Mn 2 O 4 $ Li x Mn 2 O 4 for 0 x 1, corresponding to a maximum charge capacity of $140 mA h/g. 5 This capacity limitation is associated with the occurrence of a structural phase change that occurs for x > 1, at which point Li x Mn 2 O 4 (LMO) begins to transform from a cubic to a tetragonal phase. 9 This structural change is associated with instabilities in LMO cathode, leading to capacity loss upon extended cycling. A similar issue was found for spinel-based Mg-cathodes: the insertion of Mg 2þ into k-MnO 2 leads to a phase transformation from the cubic to tetragonal phase of MgMn 2 O 4 (MMO). 7 It is therefore expected that the phase stabilization of the cathode during cation insertion/extraction may be beneficial in the development of battery cathodes with high energy density and long cycle life.
It is difficult to maintain phase stability of powder materials under electrochemical charging/discharging conditions. For example, the empty (i.e., fully charged) cathode MnO 2 has several structural phases, such as a-MnO 2 (tetragonal I4/m; a ¼ b ¼ 9.777 Å and c ¼ 2.855 Å ), 10 b-MnO 2 (tetragonal P4 2 /mnm; a ¼ b ¼ 4.398 Å and c ¼ 2.873 Å ), 11, 12 e-MnO 2 (hexagonal P6 3 /mmc; a ¼ b ¼ 2.80 Å and c ¼ 4.45 Å ), 13 c-MnO 2 (orthorhombic Pnma; a ¼ 4.45 Å , b ¼ 9.305 Å , and c ¼ 2.85 Å ), 14 and k-MnO 2 (or spinel Mn 2 O 4 , cubic Fd 3m; a ¼ 8.029 Å ). 15 Although at room temperature the magnesiated (i.e., discharged) cathode, MMO, adopts a tetragonal spinel structure in space group I4 1 /amd with a ¼ b ¼ 5.727 Å and c ¼ 9.284 Å , 16 it adopts a cubic phase in space group Fd 3m with a ¼ 8.600 Å at high temperature (>950 C) 16, 17 or high pressure (>15.6 GPa). 18 To minimize the complexity associated with phase changes in powder-based electrodes, we chose, instead, to study epitaxial thin films, as many parameters such as geometry, orientation, and surface termination can be controlled rationally. Epitaxial thin films often follow the structures of the underlying substrates, and the relative stability of different phases can be controlled through the use of lattice strain. 19, 20 Herein, we demonstrate the growth and phase-control of the spinel MMO as epitaxial thin films for advanced battery cathode applications using pulsed laser deposition (PLD). PLD enables the growth of hetero-structured thin films with sharp interfaces and atomically smooth surfaces 20 and enables the growth of metastable crystalline structures, 21, 22 allowing for the exploration of new materials with different properties and novel functionalities. Specifically, we demonstrate the phase-selective growth of high quality MMO thin films with either cubic or tetragonal phases by choosing different substrates, namely, MgO (cubic Fm 3m, a ¼ 4.212 Å ) vs. MgAl 2 O 4 (MAO, cubic Fd 3m, a ¼ 8.083 Å ) and growth conditions (e.g., substrate temperature, gas pressure, and laser power). In addition, we also demonstrate the ability to control the composition of the cubic spinel by growing the empty spinel phase, Mn 2 ) was prepared using b-MnO 2 sintered at 1100 C in air for 72 h. The MgO substrates were annealed in air at 1000 C for 10 h to obtain atomically flat surfaces ( Figure S3 23 ). PLD was performed using a KrF excimer laser (k ¼ 248 nm) at 500 C under 10 mTorr O 2 for 2500 pulses ($10 nm) and 7500 pulses ($30 nm) on MgO(001) and 1500 pulses ($5 nm) on MgAl 2 O 4 (001). In addition, 10 000 pulses ($40 nm) of Mn 2 O 4 were grown on MgO(001) at 650 C under 10 mTorr O 2 . Reflection high-energy electron diffraction (RHEED) was utilized for diagnostic in situ monitoring of the film growth. RHEED oscillations ( Figure S4 23 ) were observed during MMO growth, indicating the layer-by-layer growth. The surface morphology of MMO films was examined by atomic-force microscopy (AFM, Veeco Nanoscope IV).
Thin film X-ray diffraction (XRD) was performed using a four-circle diffractometer (X'Pert PRO, PANalytical) in specular and off-specular configurations with Cu Ka 1 (k ¼ 1.5406 Å ) radiation. Further characterization was performed with X-ray reflectivity (XRR) at sector 33 BM of the Advanced Photon Source (APS) in Argonne National Laboratory (ANL) using 20 keV X-rays with a beam size of 2.0 mm horizontally and 0.1 mm vertically and an incident flux of $10 10 photons per second. Scattered X-rays were detected using a pixel array detector (Dectris PILATUS 100K). The sample was placed in a custom-designed chamber and purged with helium during the XRR measurement to avoid oxidization related to ozone generation from intense X-ray beam. Low-angle XRR and specular (00L) crystal truncation rod (CTR) measurements were performed on both MMO/MgO and MMO/MAO films, and offspecular (11L) CTRs were carried out on MMO/MAO films only. The background and diffuse X-ray scattering contributions in CTR were subtracted by selection of regions of interest of the area detector images. The final intensities were normalized and corrected taking into account beam polarization and Lorentz factors.
X-ray photoelectron spectroscopy (XPS) spectra (Thermo Scientific ESCALAB 250Xi) were collected at the Keck II facility of NUANCE at Northwestern University using monochromated Al Ka X-rays. A low-energy electron flood gun was used to compensate for XPS induced surface charging. The carbon 1s line (284.8 eV) was used as a reference to calibrate the XPS spectra. The depth-dependent composition was obtained after the samples were Ar-etched for depths up to 4-5 nm and analyzed by XPS. Figure S6 23 ) films. The film structure and morphology was obtained with XRR. The XRR experimental data and model fits ( Figure 3 ) are shown for samples with 1500 PLD pulses of MMO/ MAO(001) and 2500 pulses of MMO/MgO(001) films. The data are plotted as a function of the vertical momentum transfer vector magnitude, q ¼ 4p sin(2h/2)/k, where 2h is the scattering angle and k is the X-ray wavelength. The presence of oscillations extending to q > 0.8 A˚À 1 indicates smooth, uniform film layers, which is consistent with AFM and in situ RHEED analysis. The XRR data were fitted by a three-layer model, which consists of a semi-infinite substrate crystal (MAO or MgO), an MMO bulk layer, a transition layer, and a lower density surface overlayer (Figure 3, inset) . This lowdensity surface overlayer could be due to incomplete coverage from PLD growth. This analysis reveals film thicknesses of 54 6 9 Å for MMO/MAO(001), and 102 6 9 Å for MMO/ MgO(001) with electron densities that are within 5% of the expected value. Comparing the laser pulses used for each film, these results suggest that MMO was deposited at approximately the same rate, 0.04 Å /pulse, on both MAO and MgO substrates. The surface roughness of the MMO film from XRR analysis is $2 Å , which is consistent with AFM results. Furthermore, the derived electron density profiles show that MMO films have a bulk-like density on both substrates, but with an additional $20 Å -thick surface overlayer having a density that is $25%-45% less than that expected for the MMO film (see Table S1 for detailed fitting values 23 ). This might be due to the partially covered surface during PLD growth. Further analysis by depth-dependent XPS shows that the surface ($1.5 nm in depth) is rich in carbon and oxygen, thus reducing the average film density at the top, consistent with the formation of adventitious carbon layer. In contrast, the "bulk" (deeper than 1. ). All these suggest that MMO films are preferentially grown in the cubic phase when grown on MgO(001) substrate via PLD (even using a MMO T target that has the tetragonal phase; Figure S1 ). Average lattice 18 A possible cubic phase of an MMO thin film was recently suggested by sputtering deposition growth that showed a vertical coherence for the MMO thin film on an Al 2 O 3 substrate. 25 The formation of highly epitaxial MMO C / MgO and MMO T /MAO could be related to strains imposed by the substrates. As shown in Table I , although MgO and MAO are both cubic phases, MgO has a lattice constant 4.212 Å , while MAO has a lattice constant 8.083 Å . Compared to the bulk lattice constants of 8.600 Å (Ref. 24 ) for MMO C and 5.727 Å for MMO T , the in-plane strain induced by MgO, jða MMO C À 2 Ã a MgO Þ=2 Ã a MgO j ¼ 2:09%, is less than the strain if MMO T were grown on MgO, jð ffiffi ffi 2 p Ã a MMO T À2 Ã a MgO Þ=2 Ã a MgO j ¼ 3:86%. However, to grow MMO on MAO, the tetragonal phase has a great advantage due to the smaller in-plane strain, ð ffiffi ffi 2 p Ã a MMO T À a MAO Þ=a MAO ¼ 0:20%, as compared to that of MMO C on MAO, ða MMO C Àa MAO Þ= a MAO ¼ 6:40%. Therefore, we conclude that strain is a dominant factor for controlling and stabilizing the different MMO phases as thin films. In particular, MgO substrate may provide the interaction that stabilizes the high T/P cubic MMO phase that has not previously been observed at ambient conditions. [16] [17] [18] The cubic MMO film has quite different properties compared to its tetragonal phase. Previous work on powder materials has shown that MMO C has an electrical resistivity of only $10 X cm instead of $10 6 X cm for the tetragonal phase, 17 which is beneficial for a battery electrode. In addition, tetragonal spinel oxides are known to have the distorted oxygen octahedra due to Mn(III) electronic configuration, t 2g
3 -e g 1 , which induces the Jahn-Teller distortion. 26 This is believed to be the primary driving force for capacity fading in spinel materials such as LiMn 2 O 4 as a lithium ion battery cathode. In particular, the tetragonal-to-cubic transition in MMO leads to a redistribution of Mg 2þ into both tetrahedral and octahedral sites and will change the inversion degree of MMO C from 0 to 0.45, 17 while Mg 2þ only occupies the tetragonal sites in the tetragonal phase. 16, 17 These comparisons of MMO C with respect to powder MMO indicate that MMO C may be a good candidate as a model battery cathode. Although powder MMO C cannot be obtained at room temperature and ambient pressure, the stabilized thin film MMO C in this work might be utilized as a cathode in a thin film battery. 6, 27 As cations in A site of spinel AB 2 O 4 are extracted and inserted during battery cycling, it is also important to produce a stable A-site empty B 2 O 4 (fully charged state) with the same phase as AB 2 
IV. CONCLUSION
In summary, we demonstrated the ability to synthesize phase-pure polymorphs of MgMn 2 O 4 (MMO) thin films at room temperature and ambient pressure by PLD. The phaseselected growth of MMO thin films is controlled by the choice of substrate, with growth in the cubic phase (MMO C ) on MgO substrates and the tetragonal phase (MMO T ) on MgAl 2 O 4 substrates. The ability to growth the Mn 2 O 4 (Mg x Mn 2 O 4 with x ¼ 0) in cubic phase on MgO(001) (corresponding to a charged cathode) has also been established. As the MMO C is a high temperature (>950 C) 16, 17 or high pressure (>15.6 GPa) 18 phase in the powder form, the formation of MMO C as thin film at room temperature (25 C) and ambient condition (101 kPa) is likely due to strains induced by the substrate host structure.
The controllable growth of stabilized tetragonal MMO T phase as well as the cubic MMO C and Mn 2 O 4 phases opens up the use of these epitaxial thin film systems to understand the molecular-scale response of these materials to electrochemical reactions, as model cathodes for a multivalent battery system. 6 For example, the ability to grow the cubic phase of Mg x Mn 2 O 4 at two compositional extremes (x ¼ 0 and x ¼ 1) using the substrate confinement method provides a novel system for understanding the relevant structures and interactions in model battery cathode interfaces. MMO can be used as a model for the discharged cathode relevant to a Mg battery, 28 while Mn 2 O 4 represents the charged cathode for many battery chemistries (e.g., Li-, Zn-, Ca-batteries). Our recent work on MMO C thin films successfully demonstrated reversible electrochemical insertion and removal in a Mg cathode using this strategy, 6 and this approach can also be used to study similar reactions for other cations (Li þ , Zn 2þ , Mg 2þ , Ca 2þ ) due to the stabilization of a specific host phase.
